The conquest of land was arguably one of the most fundamental ecological transitions in vertebrates and entailed significant changes in skin structure and appendages to cope with the new environment. In extant tetrapods, the rigidity of the integument is largely created by type I and type II keratins, which are structural proteins essential in forming a strong cytoplasmic network. It is expected that such proteins have undergone fundamental changes in both stem and crown tetrapods. Here, we integrate genomic, phylogenetic, and expression data in a comprehensive study on the early evolution and functional diversification of tetrapod keratins. Our analyses reveal that all type I and type II tetrapod keratins evolved from only two genes that were present in the ancestor of extant vertebrates. Subsequently, the water-to-land transition in the stem lineage of tetrapods was associated with a major radiation and functional diversification of keratin genes. These duplications acquired functions that serve rigidity in integumental hard structures and were the prime for subsequent independent keratin diversification in tetrapod lineages.
Introduction
The water-to-land transition of tetrapods was characterized by fundamental morphological changes in response to a totally different terrestrial environment. The integument gained a more resistant framework to cope with water loss and mechanical forces (Alibardi 2009 ), whereas the evolution of its variety in appendages (e.g., hairs or feathers) considerably contributed to the ecological diversification of each of the tetrapod lineages (Chuong and Homberger 2003) . An important component of integument rigidity in tetrapods is formed by two classes of intermediate filament molecules termed type I and type II alpha keratins. These keratins are major structural proteins that form a cytoplasmic network essential in creating toughness and are a component of structures as diverse as hairs (Langbein et al. 2007) , nails (Perrin et al. 2004) , wool (Wilson et al. 1988) , and baleen (Szewciw et al. 2010) in mammals, claws of reptiles (Eckhart et al. 2008) , and larval beaks of amphibians (Olsen et al. 2004) . Tetrapod alpha keratins are organized in two large gene clusters (Zimek and Weber 2005) , which in humans together contain 54 keratin genes (Moll et al. 2008) . Beta keratins are, despite their name, structurally unrelated to the alpha keratins. They have only been found in the skin and skin appendages of sauropsids (e.g., claws, scales, and feathers). Like the keratin-associated proteins of mammals, they were likely absent in stem tetrapods and only emerged after the divergence between sauropsids and mammals (Wu et al. 2008; Greenwold and Sawyer 2010) .
The conquest of land by early tetrapods is anticipated to have been associated with substantial changes in integument keratinization, which in turn are likely to have been the consequence of duplications and functional shifts of alpha keratin genes (Schaffeld et al. 2005; Krushna Padhi et al. 2006) . On the other hand, extensive keratinization in crown tetrapods is most evident in amniotes (Alibardi 2006) . Furthermore, the origin of morphologically complex epidermal appendages, such as sebaceous glands, sweat glands, nails, hair follicles, and hair shafts in mammals, concurs with the appearance of tissue-specific keratins that have not been found in amphibians (Kurokawa et al. 2011) . Amphibians use their skin as primary respiratory organ, and skin keratinization is therefore less extensive in this group (Alibardi 2003) . These combined observations leave the possibility that the major diversification of keratins happened in individual tetrapod lineages and was of less importance during tetrapod conquest of land.
Our understanding of the origin and early diversification of type I and type II alpha keratins in tetrapods is still incomplete, for several reasons. First, available phylogenetic studies have shown that lampreys, fishes, and lungfishes expanded their keratin repertoire by lineage-specific gene radiations (Schaffeld, Haberkamp, et al. 2002; Schaffeld, Hoffling, et al. 2002; Schaffeld et al. 2004 Schaffeld et al. , 2005 Schaffeld et al. , 2007 Krushna Padhi et al. 2006; Schaffeld and Schultess 2006) , which contribute little information on keratin diversification in early tetrapods. Second, although genomic screening of tetrapods pointed out the presence of multiple keratin genes in amphibians (Zimek and Weber 2005) , most of them have not been included in phylogenetic studies. Keratinization occurs in a variety of amphibian structures, like larval beaks and the nuptial pads in some anurans, but their molecular nature is largely unknown (Alibardi 2006) . However, amphibians play a pivotal role in reconstructing early tetrapod evolution, and the phylogenetic position of their keratin genes is essential to understand the overall origin of keratinized structures in tetrapods. Third, recent studies detected alpha keratins in claws and digital pads of reptiles (Eckhart et al. 2008; Hallahan et al. 2009; Alibardi et al. 2011 ), but a comprehensive screening for sauropsid alpha keratins is not available. This is mainly because research has focused on sauropsidspecific beta keratins, the major constituents of feathers, claws, and toe pads (Sawyer et al. 2000; Wu et al. 2004; Hallahan et al. 2009 ).
All together, knowledge on the type I and type II alpha keratin clusters in some vertebrate lineages strongly contrasts with the absence of a phylogenetic hypothesis for the all keratins and consequent lack of a theory for their diversification in early tetrapod evolution. Here, we provide a comprehensive study of all available type I and type II alpha keratins of eight species belonging to the major classes of tetrapods. We combine the available genomic and transcriptomic information with phylogenetic analyses to construct an evolutionary framework and use that information to study how keratin differentiation evolved in stem and early crown tetrapods. Finally, we compare expression data of amphibians and mammals to estimate functional diversification of alpha keratins in early tetrapods.
Materials and Methods

Keratin Cluster Organization in Tetrapods
The genomic organization of the keratin gene clusters from the African clawed frog (Silurana tropicalis), zebra finch (Taeniopygia guttata), chicken (Gallus gallus), anole (Anolis carolinensis), platypus (Ornithorhynchus anatinus), opossum (Monodelphis domestica), mouse (Mus musculus), and human (Homo sapiens) were assembled by BLAT searches (Kent 2002) implemented in the University of California Santa Cruz Genome Browser database (http:// genome.ucsc.edu). Keratins retrieved from the Unigene database at the National Center for Biotechnology Innovation (http://www.ncbi.nlm.nih.gov/) were used in primary BLAT searches on the genomic assemblies of the respective species to locate type I and type II keratins in the genome. Proteins sequences or predicted proteins, determined by local Genscan gene predictions (Burge and Karlin 1997) , were extracted and used in subsequent BLAT searches, that were reiterated until no new keratins were found. All keratin genes were accordingly located on one of the two keratin clusters. The genomic organization of keratins from pufferfish (Tetraodon nigroviridis) and zebrafish (Danio rerio) was determined to aid reconstructing the origin of the tetrapod gene cluster. Human keratins were named according to the revised protein keratin nomenclature (Schweizer et al. 2006) . In this study, keratins with the same name in different species have shown not to be one-on-one orthologs. We therefore named the other vertebrate keratins according to their position in the genome. Genomic position, genomic assembly information, and the accession number (if available) are provided in supplementary table 1 (Supplementary Material online).
Phylogenetic Analyses
Amino acid sequences correspond to the central most conserved helical domain of the keratins. Type I and type II gene clusters were analyzed independently because their separate alignment yielded more informative data. Amphioxus (Branchiostoma floridae and Branchiostoma lanceolatum), lamprey (Lampetra fluviatilis), ciona (Ciona intestinalis), sea squirt (styela clava), zebrafish (D. rerio), pufferfish (T. nigroviridis), shark (Scyliorhinus stellaris), and lungfish (Protopterus aethiopicus) sequences were used to break up early lineages and to determine the number of independent origins of tetrapod keratins. Because screening of the shark and lamprey genome yielded only small fragments, we used the keratins retrieved from mRNA studies on the shark S. stellaris (Schaffeld et al. 1998 (Schaffeld et al. , 2004 ) and the lamprey L. fluviatilis (Schaffeld and Schultess 2006) . Some Notophthalmus viridescens (salamander) and Gekko gecko keratins were included because of their functional importance related to appendage formation (Ferretti et al. 1991; Hallahan et al. 2009 ). ''Thread keratins'' were included to clarify their evolutionary relationship with more terrestrially adapted keratins. Protein accession numbers and genomic information are provided in supplementary table 1 (Supplementary Material online).
Keratin data sets were aligned using ClustalX (Thompson et al. 1997 ) and manually corrected in MacClade 4.06 (Maddison DR and Maddison WP 2000) . Bayesian posterior probabilities (PPs) were estimated using MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) under a mixed amino acid model with gamma correction for rate heterogeneity and invariable sites. Two parallel Markov chain Monte Carlo (MCMC) runs of four chains each were performed, with a length of 10,000,000 generations, a sampling frequency of 1 per 1,000 generations. Tracer 1.2 (http://tree.bio.ed.ac.uk/ software/tracer/) was used to define the appropriate burnin and to check the convergence of the MCMC runs. Maximum likelihood (ML) analyses were performed by RAxML, using a JTT þ G þ I model with four partitions. Clade support was assessed by performing 200 ''rapid'' bootstrap replicates (Stamatakis et al. 2008 ).
Gene Tree Reconciliation and Duplication History
To account for phylogenetic uncertainties, we constructed two alternative gene tree phylogenies by rearranging branches with low support (Bootstrap ML , 75 or Bayesian PP , 95). The first rearrangements were conducted with the software Notung 2.6, which incorporates a strict ''duplication-loss parsimony'' principle and attempts a strict minimum of duplications given a species tree (Chen et al. 2000) . In the second approach, synteny was used to minimize the amount of duplications in the ancient most nodes of the species tree (Minimal Early Duplication, MED model). Gene tree reconciliation methods, such as Notung, permit the rearrangements of unsupported clades in the gene tree to minimize the amount of duplications and losses in the species tree. These methods, however, allow rearrangements that are in conflict with the genomic organization (synteny) and can easily overestimate ancient duplications. We therefore designed an alternative model Vandebergh and Bossuyt · doi:10.1093/molbev/msr269 MBE of gene tree reconciliation to estimate the minimal amount of keratin gains in the most ancient nodes of the vertebrate species tree. We avoided phylogenetic clustering of keratins from highly different loci in the genomes as an additional rearrangement criterium. To do that, we used the genes of supported clades (ML bootstrap support 75% and Bayesian PP 0.95) to delimit borders within the cluster organization. Hence, genes were favored together when they were flanked by supported clades or occurred at the end of a cluster, even when the phylogeny did not support such a clade. Thereafter, the keratin relationships within these clusters were resolved according to a modified duplication/loss parsimony method: to estimate a minimum number of keratins in the oldest lineages of the vertebrate species tree, we performed rearrangements to reduce the overall amount of early duplications. Therefore, the monophyly of a clade containing genes from one species (or taxonomic group) was favored above the breakup of this clade to decrease the amount of duplications/losses (except for the monophyly of keratin 8 in lungfish and tetrapods reported by Schaffeld et al. 2005) . For both type I and type II keratins, gene counts through tetrapod evolution were performed on each of the three phylogenetic hypotheses: Species divergence estimates were retrieved from the Timetree of life website (Hedges et al. 2006) . When no ''expert results'' were available, the weighted average was used.
Gene Expression Estimation in Frog and Mouse
We used expressed sequence tag (EST) counts to estimate the level of keratin EST expression in the tropical clawed frog S. tropicalis and the mouse M. musculus. EST profiles were retrieved from the Unigene database (http:// www.ncbi.nlm.nih.gov; March 2011). EST counts, in terms of transcripts per million values, were extracted from several body sites (head, stomach, intestine, liver, lung, and skin) and developmental stages (egg, neurula, gastrula, tailbud embryo, tadpole, metamorphosis, and adult), and Unigene IDs were cross-referenced with the proteins extracted from the genome of S. tropicalis. In mouse, the expression level was estimated for keratins from the same clades/ groups using a comparable set of body sites and developmental stages.
Results and Discussion
Vertebrate Keratin Cluster Organization A comprehensive screening for keratin genes on the most recent genomic scaffolds of eight tetrapod species and two fishes reveals an improved view on the tetrapod genomic organization. Reiterated rounds of search using BLAT (see Materials and Methods) yielded 348 different keratin gene sequences in tetrapods and resulted in an overview of their genomic position ( fig. 1a) . For both type I and type II clusters, recovered keratin sequences were situated between the same flanking genes, that is, SMARCE1 and EIF1, and FAIM2 and EIF4B, respectively ( fig. 1a, black symbols) , indicating homology of genes in these respective clusters. Our analyses show that tetrapod clusters contain between 14 and 34 genes on cluster one and 12 and 28 on cluster two and thus indicate considerably sized keratin clusters for all main tetrapod lineages. The most recent genomic scaffold of frog , the Joint Genome Institute (JGI) Silurana tropicalis genome assembly 4.1 (August 2005), reveals 36 keratin genes, which is seven more than the previous version (JGI S. tropicalis genome assembly 3.0 in Zimek and Weber [2005] ). The anole genomic content adds up to 41 keratin genes, exceeding that of birds (27 and 28 in zebra finch and chicken, respectively), and indicates a more important role for alpha keratins in reptiles than perceived. Platypus revealed minimum 47 genes and indicates that the enhanced number of keratins in mammals (compared with other tetrapods) likely arose in the stem lineage. In line with previous findings (Zimek and Weber 2005; Krushna Padhi et al. 2006 ), we retrieved a more scattered pattern of keratin gene organization in the fishes D. rerio and T. nigroviridis. In Tetraodon, type I and type II keratins are situated on three pairs of assembled chromosomes (fig. 1b, chr. 18 & 3; 9 & 11; and 4 & 12) that diverged due to the whole-genome duplication in the lineage of teleost fishes (Jaillon et al. 2004 ). The fish ancestor probably contained three keratin gene loci, two of which having the same non-keratin flanking genes as the tetrapod gene clusters (fig. 1b) . The typical organization of keratins and keratin-flanking genes thus likely originated before the divergence of fish and tetrapods.
Phylogenetic Hypotheses
To understand the early evolution of keratin genes in tetrapods, we combined the retrieved keratin genes of our eight species in phylogenetic analyses. We determined the phylogenetic position of type I and II keratins with respect to other types of intermediate filament proteins by constructing a data set with representatives of these proteins. These analyses provide high support for the monophyly of type I and type II keratins, with the exclusion of the urochordate Ciona and Styela intermediate filament proteins (see supplementary fig. 1, Supplementary Material online) . Thread keratins have only been found in lamprey, hagfish, fish, and frog and represent a functionally different set of keratins (Schaffeld and Schultess 2006) . Thread keratins (TH) diverged before the type I and type II keratin diversification in vertebrates (supplementary fig. 1, Supplementary Material online) . We used this information to construct two larger data sets with choice of accurate outgroups. Our type I and type II data sets consist of 298 and 316 unambiguously aligned amino acids, largely corresponding to the conserved rod (helix) regions of keratins. ML and Bayesian analyses supported highly consistent trees, showing strong support for multiple clades in our type I and type II phylogenies (figs. 2 and 3, respectively). However, several unsupported nodes assume an unnecessary large amount of keratin duplications and losses during vertebrate evolution. We therefore constructed two alternative phylogenetic hypotheses, in which well-supported relationships (Bootstrap ML 75 and Bayesian PP 95) were used as a scaffold, whereas unsupported branches were allowed to shift according to two criteria. We used the Functional Diversification of Vertebrate Alpha Keratins · doi:10.1093/molbev/msr269 MBE strict duplication/loss parsimony method implemented in the software Notung ( Chen et al. 2000) to construct a phylogenetic hypothesis that assumes a minimum amount of duplications and losses over the whole tree. Because this method favors ancient duplications (Hahn 2007) , we also took advantage of genomic information (synteny) and tetrapod evolutionary relationships to construct a phylogenetic hypothesis in which the amount of duplications early in tetrapod evolution was minimized (MED model). These trees complement the strength of Likelihood and Bayesian models of phylogeny with the parsimony principle of minimal gains and losses of genes on syntenic positions. Below, we use them jointly to further investigate keratin evolution.
Origin of Tetrapod Cluster Organization
Our phylogenetic reconstructions and associated estimates of speciation versus duplication for nodes in the trees allow us to estimate the number of ancestral keratins. First, both lamprey keratin types split off as a single supported clade (figs. 2 and 3, nodes S1), indicating that they diversified in the lineage to Petromyzontida itself. This suggests that type I and type II keratin clusters each arose from a single gene in the vertebrate ancestor ( fig. 4a) . Second, one of the intriguing characteristics of the tetrapod clusters is the presence of a type I keratin on keratin cluster 2 ( fig. 1 ). Our trees show strong phylogenetic support for a clade containing only shark and Osteichthyes type I keratins ( fig. 2 , node S2a) and place the second shark type I keratin together with tetrapod clade M ( fig. 2 , node S2b). These observations indicate that a duplication in stem gnathostomes can explain the two shark type I keratins and marks the origin of keratin organization on two different genomic loci (one of which containing two different keratin types) ( fig. 4a) . Third, the phylogenetic uncertainty for some nodes in our keratin gene trees does not allow us to unequivocally estimate the number of keratins in tetrapod ancestors. To pinpoint along which branches in tetrapod evolution the major keratin gains occurred and to calculate the rate at which keratin genes were gained throughout tetrapod evolution, we plotted the estimated amount of ancestral keratins at every node of the tetrapod species tree against time ( fig. 4b ), using our three hypotheses of keratin evolution. Our analyses reveal an important increase in keratin genes in the stem lineage of tetrapods, even under the most conservative approach (MED). This shows that both keratin types underwent major diversifications in the tetrapod stem lineage, that is, the period where early land-colonizing tetrapods had to optimize their relationship with the terrestrial environment. 
MBE
Functional Evolution of Keratins in Tetrapods
The acquirement of new keratin genes in land-colonizing tetrapods most likely was associated with functional diversification of these copies. We combined information on keratin gene expression in mouse and frog to estimate the ancestral crown-group function of these genes (Materials and Methods). Although a full functional reconstruction is problematic due to phylogenetic uncertainty and/or unknown functions, a number of well-supported clades allow a cautious estimate of ancestral functions. Our phylogenetic reconstructions show that several keratin genes show limited diversification during tetrapod evolution, that is, there often is one copy in extant taxa ( fig. 2 : B, C, and M; fig. 3 : H, I, and L). Most of them are simple epithelial keratins and are expressed abundantly in internal tissues and earlier stages of development ( fig. 5) , where their primary function is regulatory in nature (e.g., osmosis, apoptosis, and cell polarity) (Owens and Lane 2003) . Their basic function and conservation as a single copy throughout tetrapod evolution suggest a conservative function for keratin genes in these clades. Our likelihood trees (figs. 2 and 3) suggest that at least some of these acquired their function before the tetrapod stem lineage (clades C and M in type I, clade H and group L in type II). The origin of stratified epithelial keratins is mainly estimated on the tetrapod stem lineage. In development, their expression starts in Functional Diversification of Vertebrate Alpha Keratins · doi:10.1093/molbev/msr269 MBE preparation of the adult life stage (metamorphosis in amphibians; fetus and neonate in mammals) and is often confined to the skin or its appendages ( fig. 5 ). These ancestral keratin genes were the primers to allow further differential ecological radiations in amphibians, sauropsids, and mammals.
Amphibian keratin genes radiations mainly belong to clade A and group K ( figs. 1-3) . Our gene expression survey indicates that some of them are expressed in the head of tadpoles and in early developmental stages ( fig. 5 , clade A, Sil_9 to Sil_12), whereas the rest are dominantly expressed in the skin of metamorphosing or adult frogs (fig. 5, remaining groups A and K). The former might be involved in the development of larval beaks, one of the most keratinized and variable structures of amphibian tadpoles (Altig and McDiarmid 1999) , but detailed expression information on amphibians is largely lacking.
The largest keratin radiations in sauropsids belong to clade F and group K ( figs. 1-3) . These genes form an unexpected diversity of alpha keratins in addition to the already large amount of sauropsid-specific beta keratins. In type I, we find strong support for a sauropsid-specific alpha keratin gene clade with orthologs in mammals and amphibians ( fig. 2, clade F) . The two gecko keratins in this clade were discovered in adhesive toe pads (Hallahan et al. 2009 ), whereas the sole human ortholog functions almost exclusively in the reinforcement of hand palms and foot soles (Swensson et al. 1998; Moll et al. 2008) . Moreover, this clade also includes six sauropsid cysteinerich keratins (four anole and two chicken keratins) that are considered important in hard keratin structures (Eckhart et al. 2008 ). This suggests that keratins of clade F may have served protection to friction at least from stem amniotes onward. Finally, our phylogenetic reconstructions indicate a larger amount of hair keratins (HK) in anoles than in birds, likely as a result of duplications in the lineage to Squamata ( fig. 2: D; fig. 3: J) . On the contrary, beta keratin duplications occurred more frequently in birds than in reptiles Sawyer 2010, 2011) , indicating that beta keratins may have played a compensational role for the lack of alpha HK in the formation of hard appendages in birds.
In mammals, keratin gene radiations ( fig. 2 : A, D, and G; fig. 3 : J and K) correspond to keratins that are mainly expressed in the hair structure, that is, outer root sheath, inner root sheath, and HK (figs. 2 and 3) (Moll et al. 2008) . Until now, HK were considered to be amniote specific because nonmammalian HK were known only from sauropsid claws and scales (Eckhart et al. 2008) . Here, our phylogenetic analyses show strong support for the presence of an ortholog in amphibians in both types, indicating that type I and type II HK already originated in stem tetrapods. In newts, type II HK are restricted to the distal part of normal and regenerating limbs and tails (Ferretti et al. 1991) . This combined evidence of expression in extant tetrapods is suggestive of an expression in the distal part of epidermal appendages that must have been important during the conquest of land.
The prevalent hypothesis on the origin of hairs is that they evolved from sensory appendages situated in the hinge region of scales, after the divergence of sauropsids from mammals (Maderson 2003; Chang et al. 2009 ). Our study, however, shows that the main components of hair existed long before the origin of hairs and suggests an alternative scenario on the origin of hair. In line with findings of Dhouailly (2009) Vandebergh and Bossuyt · doi:10.1093/molbev/msr269 MBE originated from glandular alpha-keratinzed bumps in stem tetrapods, which evolved into the glandular unit and the dermal papilla of the hair structure in mammals. The considerable keratin gene repertoire in stem tetrapods revealed in this study reflects the ability to form these heavily keratined bumps. Additionally, most keratins that originated in stem mammals are involved in the formation of hair follicles, associated glands, and hair fibers.
Our study shows that keratin genes radiated extensively during the ecological water-to-land transition of tetrapods. The expansion of both their keratin clusters was essential in acquiring new functions in skin or appendages as an adaptation to the enhanced friction imposed by the new terrestrial lifestyle. Furthermore, subsequent asymmetrical radiation of these genes allowed each of the tetrapod classes to further develop specific adaptations. Radiations and functional shifts in protein families generally played an important role in plants and animals. The parallel characterization of gene radiations in multiple protein families is a strong tool toward a better understanding of some of the major evolutionary transitions.
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